Abstract. In addition to its vasodilatory effect, ligustrazine (LZ) improves the sensitivity of multidrug resistant cancer cells to chemotherapeutic agents. To enhance the specificity of LZ delivery to tumor cells/tissues, folate-chitosan nanoparticles (FA-CS-NPs) were synthesized by combination of folate ester with the amine group on chitosan to serve as a delivery vehicle for LZ (FA-CS-LZ-NPs). The structure of folate-chitosan and characteristics of FA-CS-LZ-NPs, including its size, encapsulation efficiency, loading capacity and release rates were analyzed. MCF-7 (folate receptor-positive) and A549 (folate receptor-negative) cells cultured with or without folate were treated with FA-CS-LZ-NPs, CS-LZ-NPs or LZ to determine cancer-targeting specificity of FA-CS-LZ-NPs. Fluorescence intensity of intracellular LZ was observed by laser scanning confocal microscopy, and concentration of intracellular LZ was detected by HPLC. The average size of FA-CS-LZ-NPs was 182.7±0.56 nm, and the encapsulation efficiency and loading capacity was 59.6±0.23 and 15.3±0.16% respectively. The cumulative release rate was about 95% at pH 5.0, which was higher than that at pH 7.4. There was higher intracellular LZ accumulation in MCF-7 than that in A549 cells and intracellular LZ concentration was not high when MCF-7 cells were cultured with folate. These results indicated that the targeting specificity of FA-CS-LZ-NPs was mediated by folate receptor. Therefore, the FA-CS-LZ-NPs may be a potential folate receptor-positive tumor cell targeting drug delivery system that could possibly overcome multidrug resistance during cancer therapy.
Introduction
Ligustrazine (LZ), a bioactive component from the traditional Chinese medicine ligusticum, is primarily used in China as a vasodilator (1) . In recent years, it has been reported that LZ inhibits tumor metastasis and improves the sensitivity of multidrug resistant tumor cells to chemotherapeutic agents (2) . However, LZ is chemically unstable with a half-life of ~1.5 h (3) and lacks a compatible drug delivery system, which limits its potential as a chemotherapeutic agent in the management of cancer. Our previous study demonstrated that liposomes loaded with LZ enhanced the effect of LZ in reversing multi-drug resistance (MDR) in K562/ADM cells (4) . However, liposome is not an ideal carrier for anticancer agents due to its low encapsulation efficiency (39.5%) and lack of active targeting (5) . Therefore, the current study synthesized folate-conjugated chitosan nanoparticles (FA-CS-NPs) loaded with LZ to enhance the targeting ability and biocompatibility mediated by folate receptor.
Chitosan NPs are emerging as drug delivery system due to its favorable characteristic features such as size, biocompatibility, high drug encapsulation efficiency, controlled drug release potential and long circulating half-life (6) . Furthermore, due to the presence of primary amino groups, CS-NPs are easily modified by various ligands, including folate (7), epidermal growth receptor (8) and polypeptides (9) . Thus, modifications of CS-NPs with ligands specific for receptors on tumor cells may enhance the specificity of the drugs delivered to the tumor cells. Folate is an extensively studied ligand as it is stable, inexpensive and has low immunogenicity (7) . Furthermore, the expression of folate receptor (FR) is higher in human cancer cells, including HeLa and MCF-7 cells, than in normal cells (10, 11) . FA-CS-NPs loaded with anticancer agents produced enhanced intracellular accumulation of therapeutic agents, including doxorubicin and gemcitabine, in FR-positive tumor cells, including HeLa (12) , B16F1 and SMMC-722192 skin melanoma cells (13) , and COLO357 pancreatic cancer cells (14) . However, the use of LZ encapsulated in FA-CS-NPs as a natural MDR reversal agent has not been studied.
The aim of the current study was to develop a novel, cost effective LZ-loaded NPs based drug delivery system to target tumor metastasis and to counter MDR during cancer therapy.
FA-CS was synthesized by conjugating folate to chitosan via amino-acylation reaction and FA-CS-LZ-NPs were prepared by ionotropic gelation methods. Subsequently, the physical properties and biological activity of FA-CS-LZ-NPs were characterized. In addition, the cancer-targeting specificity of FA-CS-LZ-NPs was determined using MCF-7 (FR-positive) and A549 (FR-negative) cells.
Materials and methods
Reagents. Chitosan (50 kDa; degree of deacetylation, >90%), folate, 1-(3-dimethylaminoproply)-3-ethylcarbodiimide hydrochloride (EDC), phosphate buffered saline (PBS, pH 7.4), 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazoliumbromide (MTT), and dimethylsulfoxide (DMSO) were purchased from Sigma-Aldrich (Merck KGaA, Darmstadt, Germany). Sodium tripolyphosphate (TPP) was purchased from Kermel Chemical Reagent Co., Ltd., Tianjin, China). LZ (2,3,5,6-tetramethylpyrazine) was purchased from Zelang Pharmaceutical Co., Ltd. (Nanjing, China). Methyl alcohol (chromatographic grade) was purchased from Tedia Company, Inc. (Fairfield, OH, USA).
Cell lines. MCF-7 human breast carcinoma cell line and A549 human lung adenocarcinoma cell line were purchased from Blood Research Administration (Tianjin, China). The cells were cultured in Dulbecco's modified Eagle's medium (DMEM) and supplemented with 10% fetal bovine serum (both from Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA), 100 U/ml penicillin and 100 µg/ml streptomycin at 37˚C in a humidified atmosphere with 5% CO 2 .
Conjugation and analysis of FA-CS. FA-CS was prepared through an amino-acylation reaction (Fig. 1) . Briefly, different concentrations of folate were dissolved into anhydrous DMSO with stirring. EDC (10 mol/ml) was added into the solution and stirred at room temperature for 1 h. Subsequently, 5 ml chitosan sodium acetate (pH 5.0: w/v 5%) was added to the solution, stirred at 30˚C in the dark overnight. The resultant mixture was adjusted to pH 9.0 and then dialyzed against 0.1 M sodium phosphate buffer (pH 7.4) for 3 days, followed by dialysis against water for 3 days using a dialysis bag (molecular weight cut-off, 12 kDa). The mixture was frozen at -48˚C for 12 h, and it was subsequently isolated using a FreeZone system (2.5L; Labconco, Kansas City, MO, USA); the synthesized product was obtained following 24 h.
The chemical structure of FA-CS was analyzed by infrared spectroscopy (IR; WGH-30; Gang Dong Technology Co., Ltd., Tianjing, China) and 1 H nuclear magnetic resonance (NMR; in D 2 O, 500 MHz; Bruker Corporation, Billerica, MA, USA). The coupled number (the number of folate molecules to CS) of folate to chitosan was calculated based on the molar extinction coefficient value, which was determined by UV-1601 spectrophotometer (Shimadzu Corporation, Kyoto, Japan) at 363 nm.
Preparation and physicochemical characterization of FA-CS-LZ-NPs. FA-CS-LZ-NPs were prepared according to ionotropic gelation method in the following steps. LZ (20 mg) was added to different coupled numbers of FA-CS solution (2 mg/ml) in 20 ml 1% (w/w) acetic acid (pH 5.0) at room temperature. TPP (1 mg/ml; 5 ml) was added into the FA-CS solution and stirred using a magnetism mixer (200 rpm/min; 2,000 x g) at room temperature for 1 h. The mixture was then centrifuged at 100,000 x g for 30 min, the supernatant was collected and the encapsulation efficiency (EE) and loading efficiency (LE) were determined. The precipitate was dispersed in 20 ml deionized water and adjusted 2 mg/ml, and FA-CS-LZ-NPs were isolated by lyophilization. The particle sizes and poly dispersities of FA-CS-LZ-NPs diluted in deionized water were determined using dynamic light scattering system Zetasizer Nano ZS90 (Malvern Instruments, Ltd., Malvern, UK) in triplicate.
FA-CS-LZ-NPs were dissolved with deionized water to 1 mg/ml and adjusted to neutral pH. One-drop sample was placed on a carbon coated film 300 mesh copper grid and allowed to sit for 5 min or until air-dried. The sample was stained with 1 M phosphotungstic acetate solution for 5 min, and any excess phosphotungstic acetate was removed with filter paper. Morphological characteristics of the nanoparticles were examined using a high resolution transmission electron microscope (TEM; JEM-2000EX; JEOL, Ltd., Tokyo, Japan).
Determination of EE and LE.
The supernatant collected during the final stages of FA-CS-LZ-NPs synthesis as described above was analyzed to determine the amount of free LZ by high performance liquid chromatography (HPLC; programmable solvent module 125; Beckman Coulter, Inc., Brea, CA, USA). The chromatographic conditions used were as follows: HypersilODS-C 18 column (250x4.6 mm, 5 µm); A, methanol; B, water (A:B=60:40, v:v, HPLC grade); wavelength, 280 nm; flow rate, 1.0 ml/min; and 25˚C. EE and LE were calculated as follows: LZ EE (%)=(W totalLZ -W free LZ )/W totalLZ x 100; and LZ LE (%)=(W totalLZ -W free LZ )/W NPs x 100. W totalLZ was the total amount of added LZ; W free LZ was the amount of free LZ in the supernatant; and W NPs was the weight of FA-CS-LZ-NPs after lyophilization.
In vitro LZ release. FA-CS-LZ-NPs (100 mg) was resuspended in 50 ml deionized water for injection and dialyzed using a membrane dialysis bag (molecular weight cut-off, 12 kDa) in PBS at pH 5.0, 7.4 and/or 9.0 at 37±0.5˚C with continuous stirring. Dialysis buffer (5 ml) was drawn out of the dialysis bag at regular intervals. The concentration of the released LZ in the solutions collected at different time interval was determined by HPLC.
Cytotoxicity assay. MCF-7 (FR-positive) (11) and A549 (FR-negative) cells were seeded at a density of 1x10 4 /well in 100 µl culture media in a 96-well culture plate and incubated for 24 h. Different concentrations (1, 0.5, 0.25, 0.05 or 0.01 mg/ml) of FA-CS-LZ-NPs were added to the cells and incubated for 48 h at 37˚C. MTT solution (0.5%, 10 µl) was added to the cells in each well and incubated for another 4 h and 100 µl DMSO was added. Absorbance was detected on a microplate reader at 492 nm. The cell viability (%) was calculated as [optical density (OD) of treated group/OD of control group] x 100.
Intracellular uptake of FA-CS-LZ-NPs. MCF-7 or A549
cells were seeded at a density of 1x10 4 /well in 12-well culture plate. FA-CS-LZ-NPs, CS-LZ-NPs and LZ solution (the final LZ concentration of 50 µg/ml in each group) were added to the wells and cultured for 1, 2, 4, 6 or 8 h. Subsequently, the cells were rinsed with PBS three times, digested with 0.25% trypsin, and centrifuged at 2,000 x g. Methanol (100 µl) was added into cell suspension, the cell mixture was freeze-thawed repeatedly. The LZ concentration of each sample was determined by HPLC.
The autofluorescence intensity of LZ in the cells was monitored by a SP5 laser scanning confocal microscopy (NanoFocus AG, Oberhausen, Germany). The excitation and emission wavelengths of LZ were 295 and 345 nm, respectively. MCF-7 and A549 cells were seeded into 35 mm cell culture plates at a density of 1x10 5 /plate. The MCF-7 cells were added with 100 µl FA-CS-LZ-NPs, CS-LZ-NPs or LZ solution (final LZ concentration, 50 µg/ml in each group) and cultured for 4 h, with A549 cells with 100 µl FA-CS-LZ-NPs (final LZ concentration, 50 µg/ml) as the negative control. The green fluorescence of LZ was monitored at excitation wavelength 295 nm.
FA-CS-LZ-NPs targeting in MCF-7 cells. MCF-7 and A549
cells were cultured in FA-depleted DMEM for 1 week, seeded at a density of 1x10 5 /well in a 12-well plate and incubated for 24 h. Then, the cells were treated with folate (0.2 µg) or untreated. Subsequently, MCF-7 cells were treated with 100 µl FA-CS-LZ-NPs, CS-LZ-NPs or LZ solution at 50 µg/ml for 4 h. A549 cells were treated with 100 µl FA-CS-LZ-NPs (50 µg/ml) for 4 h. The LZ concentration for each sample was determined by HPLC.
Statistical analysis. All experiments were repeated at least three times and the data are presented as the mean ± standard deviation. Tukey's test was performed to determine statistical significance and a P<0.05 was considered to indicate a statistically significant difference.
Ethical statement. The experimental protocol was approved by the Ethics Committee of the Second Hospital of Dalian Medical University (Dalian, China).
Results
Chemical structure of FA-CS. The functional groups of FA-CS were prepared by an amino-acylation reaction and characterized by infrared spectroscopy. Folate-modified chitosan ( Fig. 2A ) was contrasted to either folate or chitosan alone ( Fig. 2B and C) . The basic characteristics of IR bands of chitosan at 3,372 cm -1 was attributed to the stretching vibration of O-H and N-H (Fig. 2B) . The strong bands observed at 1642 and 1,600 cm -1 were attributed to the bending vibration of N-H (Fig. 2C) . Not only the characteristic bands of the original chitosan but also the characteristic bands of folate were observed by the FA-CS IR spectrum ( Fig. 2A) . Compared with the chitosan spectrum, a new IR band at 1,560 cm -1 , which shows an amide linkage was identified in folate modified chitosan.
The 1 H NMR spectrum of FA-CS (Fig. 3A) and chitosan (Fig. 3B) were compared, and observed that the 1 H NMR (D 2 O) δ spectrum of FA-CS exhibited the new peaks at 2.5 (br s, β and γ-CH2-groups, 4H), 7.7 ppm (benzene ring), 6.9 (s, aromatic H of pteridine) and 8.8 (s, OH, 1H) as presented in Fig. 3 . The two peaks 4.3 (br s, NH2, 2H) and 4.5 (d, -NH-, 1H) of FA-CS are not vivid in the spectrum because of the high molecular weight of FA-CS (50 kDa). The appearance of these peaks confirmed the successful conjugation of folate with chitosan.
The degree of the substitution of folate on chitosan was calculated by UV spectrophotometry. The folate concentration conjugated with chitosan was directly proportional to the coupled ratio and coupled number (Table I) . Coupled ratio of folate and chitosan of 170:1 (mol/mol), the number of folate in each chitosan (molecular weight 5x10 4 Da), achieved the highest coupled number of 34. , which stands for amide linkage. FA, folate; CS, chitosan; IR, infrared spectroscopy.
Based on the results of IR spectroscopy, 1 H NMR spectrums and UV spectrophotometer, it was concluded that folate was conjugated to chitosan.
Physicochemical characterization of FA-CS-LZ-NPs.
FA-CS-LZ-NPs were prepared with different coupled number of folate-modified chitosan. The EE, LE and mean diameter size (MD) of FA-CS-LZ-NPs were decreased with the increasing coupled numbers in FA-CS (Table II) . The morphology of FA-CS-LZ-NPs was determined by TEM (Fig. 4) . FA-CS-LZ-NPs and FA-CS-NPs had uniform spherical morphology, and the distribution of particle size was in the range of 100-200 nm. These results were in agreement with the MDs of the prepared nanoparticles as determined by dynamic light scattering measurements using a Zetasizer Nano ZS90. was found to affect the release rate of FA-CS-LZ-NPs. The LZ release rate from the nanoparticles increased with decrease in pH of dissolution medium, suggesting that LZ release from FA-CS-LZ-NPs may be higher in in a weak acidic tumor microenvironment.
In vitro toxicity assessment. Cytotoxicity of the FA-CS-LZ-NPs in MCF-7 and A549 cells was evaluated using MTT assay. The non-toxic dose was determined as the concentration at which cell viability was >95%. The non-toxic dose of FA-CS-LZ-NPs in MCF-7 cells was 0.25 mg/ml, and the non-toxic dose of LZ in the two cell types was 50 µg/ml. Therefore, these dosages were chosen for all subsequent experiments. The toxicity of FA-CS-LZ-NPs was not significantly different between the cell lines (Fig. 6 ). (Fig. 7A) ; however, no significant difference in the intracellular LZ concentration was observed between the FA-CS-LZ-NP and CS-LZ-NP-treated A549 cells (Fig. 7B) . Additionally, at 4 h, the intracellular LZ (45.47±0.32 µg/ml) in MCF-7 cells treated with the FA-CS-LZ-NPs was significantly higher than that in the A549 cells (20.10±0.92 µg/ml). These results indicated that FA-CS-LZ-NPs were able to specifically target and deliver LZ into FR-positive MCF-7 cells. The intracellular uptake efficiency of LZ in MCF-7 cells and A549 cells was also investigated using laser confocal microscopy. Fluorescence intensity of LZ in MCF-7 cells treated with FA-CS-LZ-NPs was higher than that in MCF-7 cells treated with CS-LZ-NPs, LZ solution and the FR-negative A549 cells treated with FA-CS-LZ-NPs, indicating that FA-CS-LZ-NPs facilitated intracellular uptake of LZ (Fig. 8) .
Intracellular uptake of FA-CS-LZ-

FR specific targeting of MCF-7 cells by FA-CS-LZ-NPs.
To further explore the mechanism by which FA-CS-LZ-NPs target the tumor cells, a folate competition assay was performed and the intracellular concentration of LZ was determined by HPLC (Fig. 9) . Under folate deficient conditions, the intracellular concentration of LZ in MCF-7 cells With the increasing of coupled number the EE, LE and MD are decreased. FA-CS-LZ-NPs, folate-conjugated chitosan ligustrazine nanoparticles; EE, encapsulation efficiency; LE, loading efficiency; MD, mean diameter size. treated with FA-CS-LZ-NPs was significantly higher than that of the CS-LZ-NPs and LZ solution group. By contrast, the LZ concentration in the MCF-7 cells cultured with folate and treated with FA-CS-LZ-NPs markedly decreased compared to MCF-7 cells with FA-CS-LZ-NPs in folate deficient conditions. However, these differences were not observed in FR-negative A549 cells. Furthermore, addition of folate did not obviously affect the intracellular uptake LZ in cells that were treated with CS-LZ-NPs or LZ solutions. These results suggested that FA-CS-LZ-NPs were internalized via FR.
Discussion
NPs have been extensively investigated as a delivery system to achieve site-specific delivery of cytotoxic anticancer agents. Chitosan was selected as the nanoparticle carrier material in the present study as its amino groups can conjugate with moieties specific for a cell type or tumor cells (15) . Furthermore, chitosan modified with special materials, including folate and arginylglycylaspartic acid polypeptides, functions as an active receptor-mediated targeted drug delivery system. Folate is a stable, inexpensive and poorly immunogenic chemical with a high affinity for FR (16) . FA-CS-NPs have been loaded with anticancer agents, such as doxorubicin (17), 5-fluorouracil (18) and used as DNA (19) delivery vehicle, in previous studies. LZ has been reported to have anticoagulation, antioxidation and calcium antagonism properties, thus, is widely used in the management of cardiovascular and cerebrovascular diseases (20) . In addition, a number of studies have reported that LZ has an important role in reversing MDR (2, 21) . In the current study, FA-CS-NPs were used as a vehicle to deliver a natural product (LZ) with the potential to reverse MDR.
In this study, chitosan NPs were modified by folate and loaded with LZ to improve the targeting specificity of NPs to FR-positive cells. The synthesized FA-CS-LZ-NPs had desirable diameter, encapsulation efficiency and uniform spherical morphology. The average size of FA-CS-LZ-NPs with 22 folate-modified chitosan was 182.7±0.56 nm and those with 34 folate modified chitosan were 174.9±0.91 nm. The size and surface charge of nanoparticles could be changed by the concentration ratio of chitosan, folate and TPP. Fewer folate on one chitosan chain increased the size of nanoparticles because of the free amino groups and low steric hindrance of the folate (Fig. 10) . The size of FA-CS-LZ-NPs (182.7 nm) were smaller than folate-modified carboxymethyl chitosan NPs diameter (267.8 nm) (22) and folic acid-conjugated human serum albumin nanoparticles diameter (239 nm) (23) . The size of FA-CS-NPs (182.7 nm) is appropriate for LZ delivery, in contrast with folate-conjugated hyaluronic acid polymeric micelles at size 191.9 nm are effective in paclitaxel delivery (24) . It was observed that pH affects the release rate of LZ from FA-CS-LZ-NPs. The faster drug release rate at lower pH may be due to the stronger protonation of amino groups of chitosan which caused the loose nanoparticle structure and higher solubility of LZ at lower pH. The LZ release rate from the nanoparticles increased with a decrease in pH (5.0) of the dissolution medium, suggesting that LZ release from FA-CS-LZ-NPs may be higher in a weak acidic microenvironment. As the tumor microenvironment is slightly acidic (25) , FA-CS-LZ-NPs may have potential as an anticancer system. The cell viability profile assessed by MTT assay demonstrated that FA-CS-NPs had no significant cytotoxicity at concentrations as high as 1 mg/ml, so FA-CS-LZ-NPs may be a safe tool that could potentially overcome MDR during cancer therapy. FA-CS-NPs targeted MCF-7 cells via FR without obvious cytotoxicity. In fact, chitosan NPs were demonstrated to be a suitable and controlled drug delivery system without significant cytotoxicity in liver cells (26) , and folate gold nanoparticles do not induce significant cytotoxicity in MCF-7 cells (27) . In this study, internalized FA-CS-LZ-NPs detected in MCF-7 cells cultured with folate may be attributed to the fact that folate at 0.2 µg/ml occupied all the folate receptors on the cells. The intracellular concentration of LZ in MCF-7 cells following exposure to FA-CS-LZ-NPs was significantly higher than that of cells exposed to CS-LZ-NPs and LZ alone. Folate and FR may be the main cause of FA-CS-LZ-NP cellular uptake. FA-CS-NPs may be a more suitable vehicle, compared with CS-NPs, for overcoming tumor drug resistance due to its high cellular uptake specificity by FR-expressing cells.
In conclusion, the FA-CS-LZ-NPs developed in the current study had suitable diameter, high EE and LE, uniform spherical morphology, and slow release in vitro, but no cytotoxicity. FA-CS-LZ-NPs may be a potential tool to target FR-positive cancer cells and thus, a promising candidate for overcoming MDR.
